The water-vapor and air-temperature profiles from the Atmospheric Infrared In contrast, this boundary-layer preconditioning is virtually undetected from conventional NCEP reanalysis.
Introduction
The intraseasonal oscillation (ISO) is the strongest regular signal on the subseasonal timescale (Madden and Julian 1971, 1972; Gualdi et al. 1997) . It interacts with adjacent short (weather) and long (climate) timescales and constitutes a pivotal component of the tropical atmospheric variability. In boreal winter, ISO is characterized by the eastward propagating Madden-Julian oscillation (Madden and Julian 1971, 1972) mode. In boreal summer, northward propagating boreal summer intraseasonal oscillation (BSISO) becomes a dominant mode in the Asian-western Pacific summer monsoon system.
The recurrent nature of ISO offers an opportunity to forecast rainfall up to one month in advance (Waliser et al. 2003; Fu et al. 2007 ). However, the performance of current ISO dynamical prediction is still well below expectation, primarily due to the poor understanding and inadequate representation of 3-D moist convection (Wang and Schlesinger 1999; Fu et al. 2006 ) and atmosphere-ocean interaction (Flatau et al. 1997; Waliser et al., 1999; Fu et al. 2003) .
Advancement of ISO studies relies heavily on the improved observations (Wang et al., 2005) . The observed structure of the ISO has been the topic of numerous studies over the past three decades (e.g., Madden and Julian 1971, 1972; Weickmann 1983; Rui and Wang 1990; Hendon and Liebmann 1990; Hendon and Salby 1994; Lin and Johnson 1996; Jones and Weare 1996; Houze et al. 2000; Yanai et al. 2000; Kemball-Cook and Weare 2001; Kemball-Cook and Wang 2001; Sperber 2003; Kiladis et al. 2005) . A number of important properties of the ISO have been identified by using modeldependent reanalysis products [e.g., National Center for Environmental model-driven errors such as parameterization deficiencies. Overall, the AIRS results obtained by Tian et al. (2006) and Fu et al. (2006) are consistent with the frictional Kelvin-Rossby wave-conditional instability of the second kind (CISK) model (Wang 1988 (Wang , 2005 Wang and Rui 1990; Wang and Li 1994; Salby et al. 1994) .
Previous study by Tian et al. (2006) focused on the ISO at winter time. Beside the pilot study by Fu et al. (2006) , a comprehensive investigation on the structure evolution of the BSISO with current available satellite data has not been reported. The objective of current research is to document the spatial and temporal evolution of composite BSISO as well as its coupling with underlying ocean through synergistic use of various satellite observations in the atmosphere and at the ocean surface (Aqua/AIRS air-temperature and water-vapor; TRMM TMI SST and rainfall; QuikSCAT surface wind). Particular attention will be given to the phase relationship between vertical moist thermodynamic field, CAPE, SST, large-scale convergence/divergence, and surface rainfall. We hope to combine these current available high-resolution satellite data to improve our understanding of the BSISO, although a complete and coherent picture might not be readily available due to the limited data period, satellite retrieval uncertainties, and more importantly, the insufficiency in the theoretical understanding this topic. Finally, the result will also be compared with that from conventional global reanalysis.
The outline of this paper is as follow: the data and methodology are introduced in section 2. Section 3 presents the main results. Section 4 summarizes the major findings and the implications of these results to the BSISO theory.
Data and methodology

Datasets
The AIRS level 3 version-4 data are used in this study. It is based on retrievals from AIRS and AMSU instruments and provides 3-D structures of the global water vapor and atmosphere temperature with very high spatial and temporal resolution [more description of AIRS instrument, products, and validation is given by Tian et al. (2006) ].
Original AIRS level 3 data have twice daily observations (ascending and descending paths) with a horizontal resolution of one degree by one degree. The vertical grid is based on the World Meteorological Organization (WMO) standard pressure levels from 1000 to 1 hPa for temperature and layers from 1000 to 100 hPa for water vapor (Tian et al. 2006) .
In this study, we will use the data from four recent years (2003) (2004) (2005) (2006) .
To capture the joint atmosphere-ocean effect on guiding the ISO convection, several other satellite datasets are also used. They include surface wind from Quick Scatterometer (QuikSCAT) version-2, sea surface temperature (SST) and rainfall from Tropical Rainfall Measurement Mission (TRMM) Microwave Imager (TMI) version-4.
The data vary in spatial and temporal resolutions. To facilitate the analysis, they are all interpolated to daily data with the horizontal resolution of one degree by one degree.
The ISO index developed by Wheeler and Hendon (2004) will be used to determine the phase before making a composite (see also section 2.2). The combinations of fields chosen for calculating the ISO indices are daily averaged outgoing longwave radiation (OLR) from the National Oceanic and Atmospheric Administration (NOAA) polar-orbiting series of satellites, 850 hPa zonal wind (u850) and 200 hPa zonal wind To compare the composite BSISO vertical structure based on high-resolution satellite data with that from reanalysis products, the daily-averaged air-temperature and water-vapor profiles from NCEP reanalysis between 2003 and 2006 are also used. They are analyzed on a latitude-longitude grid. The vertical grid is based on the WMO standard pressure levels from 1000 to 100 hPa for temperature and from 1000 to 300 hPa for water vapor. Note that the water vapor from NCEP is reported on the levels while that from AIRS is reported on layers. However, the impacts of this disparity should be small and will not affect the main results of this study.
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Methodology
a. CAPE calculation CAPE is an instability descriptor that represents how powerful the convection might be if it does materialize. Conceptually, CAPE is expressed as the amount of buoyant energy available to speed up a parcel vertically, or the amount of work a parcel does on the environment after it is lifted to the level of free convection. It is calculated by integrating vertically the local buoyancy of a parcel from the level of free convection (LFC) to the equilibrium level (EL). The formal definition is given by
where and are, respectively, the heights of the levels of free convection and equilibrium (neutral buoyancy), and are the temperatures, respectively, of the specific parcel and the ambient environment, and is the acceleration due to gravity.
The atmosphere-temperature and water-vapor profiles from the AIRS dataset are used to calculate the CAPE. The computed CAPE value can vary significantly depending on the choice of the parcel used. In this study, the specific parcel used for CAPE calculation originates from the 1000hPa level with temperature and specific humidity equal to that of ambient environment.
b. Composite procedure Empirical Orthogonal Function (EOF) analysis is a useful tool for identifying the coherent patterns that can explain the major portion of the total variance of observed field.
A single outstanding eigenmode normally represents a standing oscillation; whereas propagation can be described by a pair of outstanding modes whose temporal coefficients [principal components (PCs) ] are in quadrature (Zhang and Hendon 1997 A detailed description of the EOF analysis and related technical issues can be found in Wheeler and Hendon (2004) . Although the data period used in their study is The spatial patterns of typical BSISO can be depicted through the use of the composite, which follows the same procedure taken by Wheeler and Hendon (2004) .
Namely, we composite by taking the average of the observed anomaly fields for the "strong ISO" days that fall within each of the numbered phases of Figure 2 (excluding those "weak ISO" days falling in the inner circle).
Results
1. Surface analysis
The composite BSISO cycle reveals coherent spatial-temporal evolution of intraseasonal SST, surface wind and rainfall anomalies in the Indo-Pacific warm pool whereas their counterparts in the southern hemisphere (SH) are rather weak (Fig. 3) . The surface circulation associated with the Indian Ocean convection maximum is characterized by typical Gill pattern, with two anomalous cyclonic Rossby gyres lying to the west and anomalous easterly winds extending eastward far away from the convection center. Consistent with the SST asymmetry, the Rossby gyre in the northern hemisphere is considerably stronger and broader than its southern counterpart (Fig. 4) .
Once the positive rainfall maximum hits the Maritime Continent, it moves off the equatorial region into both hemispheres. The north branch is much stronger than that of the south branch (phase 5), partly due to larger SST anomalies in the NH than in the SH (Fu et al. 2006) . Meanwhile, the convective anomalies in the Maritime Continent and equatorial western Pacific intensify and extend eastward, linking with the north branch of the Indian Ocean convection and forming a broad northwest-southeast tilting rainband that extends from 80°E to 160°E. This tilting rainband moves northeastward gradually.
In phase six, the north branch of the Indian Ocean convection dominates the Bay of Bengal, leaving the entire equatorial Indian Ocean controlled by the suppressed convection. By phase seven, the suppressed convection in the Indian Ocean expands northward and eastward, cutting off the northwest-southeast tilting rainband. Except for a small area at the northeast tip of the Bay of Bengal, the main convection center is shifted to the WNP. Enhanced convection in phase seven is wholly within the anomalous westerlies over the WNP; whereas anomalous easterlies prevail in the suppressed convection area of the equatorial Indian Ocean (Fig. 4) . Once again, the positive SST anomalies in the Indian Ocean gradually form due to the increased downward solar radiation and decreased surface evaporation. By phase eight, the WNP convection starts to dissipate, while new convective anomalies emerge off the coast of the Eastern Africa, signifying the end of the current event and presaging the onset of the next one. Figure 5 shows the composite spatial-temporal evolutions of CAPE and rainfall anomalies. Both the CAPE and rainfall are smoothed spatially to dampen small-scale variability. At the growing phases of the Indian Ocean BSISO (phases 1-2), the broad In the subsequent three phases (phases 5-7), the enhanced convection gradually shifts to the WNP. The CAPE is almost out of phase with the convection in these three phases. The negative CAPE anomalies nearly coincide with positive precipitation anomalies; whereas the positive CAPE anomalies reappear in the Indian Ocean suppressed convection region and gradually extend eastward. Meanwhile, significant convergence also reappears in the western half of Indian Ocean at phases 7 and 8, presaging the beginning of a new ISO episode (e.g., Wang et al. 2005 ).
CAPE
The composite results suggest that atmosphere and ocean conditions jointly guide the convection of BSISO, with SST and surface convergence lead rainfall in both zonal and meridional direction (see also underlying polygraphs in Figs. 7 and 8) . However, the preconditioning of the CAPE is much earlier than that of the SST, suggesting that the atmosphere alone might be able to generate intrinsic mode of ISO. Similar to the moisture preconditioning, the strong enhanced (suppressed) convection is generally preceded by a lower-tropospheric warm (cold) anomaly and followed by a lower-tropospheric cold (warm) anomaly in both time and space. However, there are still certain differences between the temperature and humidity structures in detail. Over the strongly enhanced (suppressed) convection region, the moist (dry) anomalies usually occupy the whole troposphere, with dry (moist) anomalies lying in a very thin layer close to the surface; whereas the transition from warm (cold) anomalies to cold (warm) anomalies occurs at a much higher altitude around 500-700 hPa. Previous studies by Tian et al. (2006) on the winter-time ISO shows a similar vertical structure, although the transition between warm (cold) and cold (warm) anomalies in the troposphere occurs at a relative lower level near 800 hPa.
b. Pressure-latitude cross section Figure 8 shows the composite pressure-latitude cross section of moisture and temperature anomalies along with CAPE, SST, surface convergence, and rainfall anomalies, averaged between 110°E and 140°E. In phase one, the suppressed convection dominates the equatorial western Pacific with one anomalous dry cell sitting on either side. Over the suppressed convection region between 9°S and 14°N, a tri-modal pattern can be identified from the temperature field, with a cold anomaly located between two warm anomalies. The vertical extent of the cold anomaly is confined only to the middleupper troposphere (600-250 hPa); whereas the dry anomaly occupies almost the whole atmosphere column. Overall, the CAPE is almost out of phase with the rainfall, with positive CAPE anomalies collocated with negative rainfall anomalies.
In phase two, the south cell of dry anomalies disappears and the north one Atmosphere-ocean conditions jointly guide the convection of the BSISO. The composite results reveal that CAPE, SST, and surface wind convergence lead convection in both north and east directions. The SST could only partially contribute to the CAPE preconditioning given the phase lag between them. We conjecture that other factors such as radiative cooling (warming) may also contribute to it. Nevertheless, this needs to be proved through further numerical modeling in the future. On the other hand, ocean positively feeds back to the atmosphere from bottom up. There is a smooth transition from boundary layer moistening, shallow convection at lower or middle troposphere, to the deep convection all through the troposphere. In the strongly enhanced (suppressed) convection region, moist (dry) anomalies usually occupy the whole troposphere, with dry (moist) anomalies lying in a very thin near-surface layer; whereas the transition from warm (cold) anomalies to cold (warm) anomalies is more distinct and occurs at a much higher altitude around 500-700 hPa. In the weakly enhanced (suppressed) convection region, moist (dry) anomalies overlie dry (moist) anomalies to the west/north of positive (negative) precipitation maximum.
Summary and discussion
In the zonal direction, the preconditioning of the moist (dry) anomalies at the boundary layer to the subsequent positive (negative) rainfall maximum is about 60-90 degrees in longitude and quarter-to-half cycle in time. The preconditioning of warm (cold) anomalies is not well tilted compared to the preconditioning of moist (dry) anomalies. To the east of the large maximum precipitation anomaly center, the weak positive temperature anomalies could occupy the whole troposphere, which is possibly due to the Kelvin wave response to the deep convection to the west.
In the meridional direction, the preconditioning of the moist (dry) anomalies at the boundary layer to the subsequent positive (negative) rainfall maximum is as far as 15 degrees in latitude and a quarter-to-half cycle in time. As the convection strengthens and moves northward, the lead-lag relationships among CAPE, SST, surface convergence and rainfall are still well kept, although the actual spatial differences among them (degrees in latitude) are decreased. The southward tilting angle of moist anomalies is also decreased and the preconditioning of moist anomalies becomes less obvious. Note also that the amplitude of maximum positive precipitation anomalies varies as the BSISO propagates northward, reaches its climax around 10 o N, implying the possible impact of annual cycle on the amplitude of intraseasonal variability.
In the frictional "convective interaction with dynamics" (CID) theory of ISO (Wang 1988 , 2005 , Wang and Rui 1990 , Wang and Li 1994 , Fig. 7 but from NCEP data.
